A-to-I editing on tRNAs: Biochemical, biological and evolutionary implications  by Torres, Adrian Gabriel et al.
FEBS Letters 588 (2014) 4279–4286journal homepage: www.FEBSLetters .orgReviewA-to-I editing on tRNAs: Biochemical, biological and evolutionary
implicationshttp://dx.doi.org/10.1016/j.febslet.2014.09.025
0014-5793/ 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
⇑ Corresponding author at: Institute for Research in Biomedicine, Parc Cientiﬁc de
Barcelona, 08028 Catalunya, Spain. Fax: +34 934034870.
E-mail address: lluis.ribas@irbbarcelona.org (L. Ribas de Pouplana).Adrian Gabriel Torres a, David Piñeyro a, Liudmila Filonava a, Travis H. Stracker a, Eduard Batlle a,b,
Lluis Ribas de Pouplana a,b,⇑
a Institute for Research in Biomedicine (IRB Barcelona), C/ Baldiri Reixac 10, Barcelona 08028, Catalonia, Spain
bCatalan Institution for Research and Advanced Studies (ICREA), P/ Lluís Companys 23, Barcelona 08010, Catalonia, Spaina r t i c l e i n f o
Article history:
Received 29 August 2014
Revised 16 September 2014
Accepted 16 September 2014
Available online 27 September 2014
Edited by Wilhelm Just
Keywords:
Inosine
Adenosine deaminase acting on tRNA
Transfer RNA
Deaminase
Codon usage
Evolutiona b s t r a c t
Inosine on transfer RNAs (tRNAs) are post-transcriptionally formed by a deamination mechanism of
adenosines at positions 34, 37 and 57 of certain tRNAs. Despite its ubiquitous nature, the biological
role of inosine in tRNAs remains poorly understood. Recent developments in the study of nucleotide
modiﬁcations are beginning to indicate that the dynamics of such modiﬁcations are used in the
control of speciﬁc genetic programs. Likewise, the essentiality of inosine-modiﬁed tRNAs in genome
evolution and animal biology is becoming apparent. Here we review our current understanding on
the role of inosine in tRNAs, the enzymes that catalyze the modiﬁcation and the evolutionary link
between such enzymes and other deaminases.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Inosine and inosine modiﬁcation enzymes
Inosine is a non-canonical nucleoside found in all domains of
life. Chemically, it is a guanosine analogue and it only differs from
the latter by the lack of the N2 amino group. Inosine is rarely
present in DNA but is often observed in different types of RNAs
including double-stranded RNAs, tRNAs and viral RNAs
[76,63,30]. In RNA, inosine is produced by the deamination of
adenosine [31,5]. Generally, 2 groups of RNA adenosine deaminas-
es exist: adenosine deaminases acting on messenger RNAs (ADARs)
and adenosine deaminases acting on tRNAs (ADATs), the enzymes
of each group being speciﬁc for speciﬁc modiﬁcation sites
[5,76,24,25].
ADARs are present only in metazoans and, in vertebrates, three
genes that encode for different ADAR proteins have been described.
ADAR1 and ADAR2 are expressed in most tissues and their deami-
nation activity has been conﬁrmed. ADAR3 on the contrary is only
expressed in the central nervous system and its function is cur-
rently unknown, as it lacks deamination activity [45]. As men-
tioned, ADARs deaminate adenosines in mRNAs to inosine. Sinceinosine (which is derived from adenosines), resembles guanosine,
A-to-I editing onmRNAs can result in amino acid substitutions dur-
ing translation, and alterations of splice sites duringmRNA process-
ing [76]. Additionally, ADARs can edit non-coding RNAs and have
regulatory functions, for example, by affecting the biogenesis, pro-
cessing and target selection of siRNAs and miRNAs [76].
Inosine is found in tRNAs in all domains of life. It is present
mainly at three positions on tRNAs: position 34, which is the ﬁrst
nucleotide of the anticodon (wobble-position), position 37 (follow-
ing the anticodon), and position 57 (at the TWC-loop) (Fig. 1A).
Interestingly, at position 34, inosine is the ﬁnal modiﬁed base,
while at positions 37 and 57 inosine is found in a methylated state
(m1I37, m1I57 or m1Im57) [40,55].
Methyl-inosine 37 has only been found in eukaryotic tRNAAla
[30,40] and the modiﬁcation involves two enzymatic reactions.
First, A37 is deaminated to I37 by the homodimeric adenosine
deaminase acting on tRNA 1 (ADAT1/Tad1) [24,53,54]. This reaction
is then followed by a methylation step carried out by the tRNA
methyltransferase 5 (Trm5) [8] (Fig. 1C). Inosine at position 57
has only been found in Archaea [74,30,31]. Conversion of A57 into
m1I57 also occurs in two steps. However, during the ﬁrst step,
A57 is methylated by an S-adenosyl-L-methionine-(SAM) depen-
dent tRNAmethyltransferase (TrmI) [65,18]. Then, m1A57 is further
deaminated to m1I57 by an as yet uncharacterized enzyme [31]
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Fig. 1. Adenosine deaminase reactions on tRNAs. (A) Schematic representation of the clover-leaf tRNA secondary structure. Locations of residues modiﬁable to inosine are
shown in light-gray circles (A34, A37 and A57). D-loop: dihydrouridine-loop. TWC-loop: ribothymine-pseudouracyl-cytosine-loop. (B) The formation of inosine 34. The one-
step hydrolytic deamination reaction is catalyzed by the TadA homodimer in prokaryotes or the ADAT2(Tad2)/ADAT3(Tad3) heterodimer in eukaryotes. (C) The formation of
methylinosine 37. The reaction proceeds via two steps: hydrolytic deamination of adenosine catalyzed by the ADAT1(Tad1) homodimer and methylation of inosine catalyzed
by Trm5. (D) The formation of methylinosine 57. The reaction proceeds via two steps: methylation of adenosine catalyzed by TrmI and subsequent hydrolytic deamination of
methyladenosine (catalyzing enzymes are not known).
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modiﬁed into di-methylated inosine (1,20-O-dimethylinosine:
m1Im57) [19].
In contrast, I34 is not present in Archaea but is present in
Bacteria and Eukarya. In prokaryotes, only tRNAArg is inosine-
modiﬁed and the A34-to-I34 conversion is catalyzed by the
homodimeric tRNA adenosine deaminase A (TadA) [73]. In eukary-
otes, I34 is present in 7–8 different cytosolic tRNAs [40,55] and the
deamination reaction is catalyzed by the heterodimeric adenosine
deaminase acting on tRNA (hetADAT) composed of two subunits
named ADAT2/Tad2 and ADAT3/Tad3 [25] (Fig. 1B). Additionally,
I34 can be found on chloroplastic tRNAArg and the enzyme respon-
sible for the deamination reaction is the tRNA adenosine deami-
nase arginine (TADA), that shares sequence similarities to the
prokaryotic TadA [17,42].
2. Structures of ADATs
The ﬁrst ADAT to be crystalized was the prokaryotic enzyme
TadA [46,20,52]. TadA contains the consensus motif (C/H)XEXn
PCXXC, typically present in cytidine deaminases, that has Zn-
binding regions and forms the catalytically active domain of the
protein [73]. TadA was shown to form homodimers in order to be
active but the tRNA substrate was not necessary for dimerformation [73]. It is thus not surprising that the ﬁrst crystal struc-
tures were obtained in the absence of tRNA substrates [46,20]. Each
TadAmonomer is composed of ﬁve b-sheets located in the center of
the molecule and ﬂanked by ﬁve a-helices. Both monomers
cooperate to form a dimer of an overall globular shape presenting
the catalytic domain at the dimer interface. As expected, this
catalytic domain contains Zn atoms bound to it and a conserved
glutamate residue that mediates the proton transfer necessary for
the deamination reaction [46,20,47].
Interestingly, the crystal structure of Staphylococcus aureus
TadA in complex with the anticodon stem-loop of tRNAArg (bearing
nebularine at the wobble position) revealed a dramatic RNA con-
formation switch in order to accommodate the RNA into the TadA
binding pocket [52]. The RNA stem conformation remained practi-
cally unchanged, however residues 33–37 in the anticodon loop no
longer base stacked and were instead widely spread in order to
maximize the surface available for RNA:protein interaction. Apart
from these nucleotides, the C32:A38 base pair that caps the antico-
don loop of tRNAArg was also shown to interact strongly with TadA
in the crystal structure. As expected, the adenosine analogue neb-
ularine at position 34 was found extruded from the anticodon
stem-loop and deeply inserted into the catalytic pocket of TadA,
stabilized by various hydrogen bonds and Van der Waals interac-
tions [52].
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ADAT3 heterodimer) have not yet been crystalized. However, a
crystal structure of Homo sapiens ADAT2 as a homodimer has been
published (Structural Genomics Consortium http://www.ncbi.nlm.-
nih.gov/Structure/mmdb/mmdbsrv.cgi?uid=3DH1; PDB ID:3DH1).
This structure showed extensive similarities to that of the homodi-
meric TadA. Sequence alignments between TadA and ADAT2 or
ADAT3 suggest that the highest similarity between TadA and
ADAT2 is at the N-terminus of ADAT2. For ADAT3 the similarity
with TadA is highest at the C-terminus. Elias and Huang therefore
proposed that if TadA homodimers and hetADAT heterodimers
share similar structural properties, the C-terminus of ADAT2
(about 90 amino acids) and the N-terminus of ADAT3 (about 160
amino acids) might be directly involved in the recognition of
tRNAs [20]. While there is still a need for a crystal structure of
hetADAT in complex with a tRNA, the hypothesis by Elias and
Huang is quite plausible, given the structural similarities between
the H. sapiens ADAT2 homodimer and the TadA homodimer struc-
tures. In this regard, Gerber and Keller concluded that yeast ADAT2
is the catalytic subunit of hetADAT while ADAT3 would only be
playing a structural role in tRNA substrate recognition [25]. How-
ever, later reports in Trypanosoma brucei suggested that ADAT2
might be playing an additional role in tRNA recognition via a KR-
domain located at the C-term of the protein [64] and that ADAT3
might be contributing to catalysis by coordinating the catalytic
Zn ion [68].3. Substrate recognition by ADATs
There are major differences between the eukaryotic ADAT
(hetADAT) and the prokaryotic enzyme (TadA) in terms of sub-
strate recognition. TadA can modify a mini-substrate composed
of only the anticodon stem-loop sequence of tRNAArg as efﬁciently
as full length tRNAArg [73,20]. This suggests that, contrary to
hetADAT, the overall tRNA tertiary structure is not important for
substrate recognition by TadA. This is consistent with the notion
that hetADAT might have evolved into a more complex enzyme
with a larger substrate repertoire (see below). Indeed, TadA is
capable of modifying an eukaryotic tRNAArg, but it cannot bind
nor modify other hetADAT substrates such as tRNAAla from
H. sapiens, Bombyx mori or Saccharomyces cerevisiae [73].
Conversely, hetADAT can modify full length Escherichia coli tRNAArg
but not the E. coli tRNAArg mini-substrate [20].
Further biochemical assays on TadA substrate recognition
revealed that a particular anticodon stem-loop structure was
crucial for TadA activity. First, a linear version of the tRNAArg
mini-substrate was not deaminated. Second, mutations in the anti-
codon positions 35 or 36 of the tRNAArg mini-substrate abolished
completely I34 formation. Likewise, increasing or reducing the
length of the anticodon loop resulted in reduced efﬁciency of I34
modiﬁcation. Finally, the residue U33 was also shown to be an
important determinant of TadA activity [73]. Altogether, these
results suggest that the anticodon loop sequence (UACG), structure
and size are critical TadA determinants; while the sequence of the
stem region is not important for TadA substrate recognition.
Early works from Henri Grosjean and coworkers have
addressed the substrate speciﬁcity and tRNA sequence determi-
nants for effective I34 modiﬁcation on eukaryotic tRNAs [5,34].
Using the non-hetADAT substrate tRNAAsp as the tRNA backbone,
several tRNA chimeras bearing different A34-containing anticodon
sequences were synthesized and assayed for their ability to be
deaminated after microinjection of the chimeric tRNAs into
Xenopus laevis oocytes [34]. It was found that having an A34 was
not the only requirement for efﬁcient I34 modiﬁcation, but rather
the whole anticodon sequence context was crucial for A34deamination to occur. In particular, A34-containing tRNAs bearing
a pyrimidine at position 35, or uridine at position 36, were not
modiﬁed. On the other hand, all anticodon sequences containing
a purine at position 35 and A, G or C at position 36 were efﬁciently
modiﬁed to I34. The only exception to this rule was the arginine
anticodon ACG which was properly deaminated [34]. These results
were further conﬁrmed in an in vitro system using partially puri-
ﬁed yeast hetADAT, where no additional identity elements were
reported to be necessary for I34 conversion and instead the global
tertiary structure of the tRNA substrate was crucial for deamina-
tion to occur [5].
Notably, while these experiments used mature-like tRNA
sequences, French and Trewyn showed that 50 or 30 processing of
a synthetic tRNAAla precursor was not necessary for A34-to-I34
conversion [22]. This suggests that tRNA precursors might already
have the necessary tertiary structure for I34 modiﬁcation and that
this modiﬁcation could be happening early in the tRNA biogenesis
pathway. In agreement with these observations, synthetic precur-
sor tRNAVal chimeras bearing the wild type short variable arm or
the tRNASer long variable arm were also capable of being deami-
nated at position 34 when incubated with HeLa nuclear extracts;
however, a single nucleotide deletion that severely alters the orien-
tation of the long variable arm completely abolished I34 formation
[1]. Even though all these pre-tRNAVal chimeras were capable of
being properly processed into mature tRNAs, these results also
pointed towards the importance of the tRNA tertiary structure
and that I34 modiﬁcation in yeast and HeLa cells might occur at
the precursor level and within the nuclear compartment. In con-
trast to these results, in Trypanosomatids, A34-to-I34 conversion
was reported to occur in the cytosol [23]. Likewise, in vitro A34
deamination assays carried out with lysates from anucleated reti-
culocytes [5] or upon direct injection of the tRNA substrate into
X. laevis cytosol [34] suggested that I34 modiﬁcation could occur
in the cytosol.
Given that A34-to-I34 editing can be performed with in vitro
transcribed tRNAs [30], it seems that no other tRNA modiﬁcations
are necessary for A34-to-I34 editing to occur. However, in T. brucei,
C32-to-U32 editing was shown to stimulate A34-to-I34 editing on
tRNAThr [67]. Moreover, the catalytic subunit of the T. brucei
A34-to-I34 editing enzyme, TbADAT2, was also capable of per-
forming C32-to-U32 modiﬁcation in vivo but not in vitro and the
heterodimer TbADAT2/TbADAT3 was shown to facilitate editing
of C-to-U on DNA substrates [66].
The substrate speciﬁcity of ADAT1 seems to be more stringent
than that of TadA or hetADAT. ADAT1/Tad1 was shown to modify
exclusively A37, but not A34, on eukaryotic tRNAAla; and the
modiﬁcation occurred independently of the presence of I34
[24,53,44,75]. Despite having sequence homology to the ADAR
family of proteins (see below), ADAT1/Tad1 does not deaminate
double stranded RNA or pre-mRNAs that are common substrates
of ADARs [53]. Further, yeast Tad1 was unable to modify E. coli
tRNAAla, which contains an A37 but is naturally not deaminated
[24]. Additionally, the Drosophila melanogaster ADAT1 was capable
of efﬁciently modifying B. mori tRNAAla, but not yeast tRNAAla, due
to poor binding to the yeast tRNA substrate [44].
Like hetADAT, the substrate recognition of ADAT1/Tad1 is
strongly dependent on the tRNA tertiary structure. Synthetic
tRNAAla constructs bearing a shorter anticodon loop or carrying
mutations that affected the overall tRNA folding were not efﬁ-
ciently deaminated by the yeast Tad1 [24]. Likewise, A37 deamina-
tion was not detected in a tRNAAla anticodon stem loop mini
substrate after incubation with puriﬁed human ADAT1 [53].
Contrary to ADARs, ADAT1/Tad1 lacks a double-stranded RNA
Binding Domain (dsRBD). Catanese and colleagues have shown that
DIP1c, a member of the dsRBD protein family, can interact with D.
melanogaster ADAT1 and pre-tRNAAla. In fact, DIP1c showed a
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mature tRNAAla [11]. Given that in vitro, ADAT1 could deaminate
its tRNA substrate without the need for other proteins (see above),
it remains unclear why DIP1c is required for A37 deamination. One
possibility is that in vivo, the binding of DIP1c to pre-tRNAAla
induces recruitment of ADAT1 (and perhaps other factors) to the
tRNA. Consistent with the fact that A37-to-I37 modiﬁcation might
occur at the pre-tRNA level, in Arabidopsis thaliana, Tad1 has been
found exclusively in the nucleus [75].
It has been reported that eukaryotic ADAT1, but not hetADAT,
requires inositol-6-phosphate (IP6) for its activity both in vitro
and in vivo [54]. This observation is indirectly supported by the
crystal structure of human ADAR2 that shows IP6 buried in the
enzyme core. Sequence comparisons reveal that the residues that
coordinate IP6 in ADAR2 are conserved in ADAT1, but not in ADAT2
or ADAT3. Moreover, reduced levels of I37 modiﬁcation on tRNAAla
were observed in yeast strains lacking IP6, as compared with wild
type strains, whereas the levels of I34 modiﬁcation remained
unchanged [54]. The exact role of IP6 in ADAT1 activity has not
been addressed but it might promote protein folding or serve as
a regulatory element for ADAT1 activity.
A-to-I editing at position 57 of tRNAs has been poorly studied
thus far and, as mentioned above, the deaminase required for the
reaction is still unknown. Grosjean and colleagues have reported
that the putative enzyme acting on m1A57 is capable of deaminat-
ing fragmented tRNA substrates [30]. This could suggest that, con-
trary to all other eukaryotic ADATs, inosine modiﬁcation at
position 57 is not dependent on the overall tRNA tertiary structure.
4. Evolutionary relationship between ADATs and other
deaminases
All enzymes carrying out A to I modiﬁcations in tRNAs have the
same three-dimensional fold (deaminase fold), also employed byFig. 2. Phylogenetic tree of TadA, ADAT2 and ADAT3 sequences. Sequence alignments w
using maximum likelihood method implemented in RAxML software v. 8.0.23 [69]. Numb
drawing was made using FigTree software v. 1.3.1. Sequences accession number availabother adenosine and cytidine deaminases acting on both DNA
and RNA [26,39]. A recent phylogenetic analysis of deaminase-like
folds from different species concludes that all deaminases evolved
from a bacterial ancestor that contained a JAB-like domain (typical
of deubiquitinating peptidases) and was capable of binding metal
ions and a nucleotide or a related molecule (base, base or nucleo-
tide derivatives, etc.). From this deaminase precursor two divisions
of the deaminase superfamily with different structural topologies
were derived: the C-terminal hairpin division and the Helix-4 divi-
sion. The latter contains all tRNA deaminases, ADARs and some
cytidine deaminases such as the activation-induced deaminase
(AID) and apolipoprotein B mRNA editing enzyme catalytic pep-
tide-like (APOBEC) [38].
Other phylogenetic analyses revealed that ADAT1 belongs in the
clade containing ADARs, while ADAT2 and ADAT3 belong to the
AID/APOBEC clade [26]. It is possible that ADAT1 is the result of
an early duplication that drove the switch in site-speciﬁcity from
position 34 to position 37 in tRNA. Alternatively, Iyer and col-
leagues proposed that the emergence of ADAT1 and ADARs may
be the result of an independent lateral gene transfer event from
a bacterial endosimbiont [38]. Structurally speaking, the evolution
of ADAT1 led to the acquisition of the IP6-coordinating motif [54].
After the emergence of metazoans, further duplications of the
ADAT1 gene may have given rise to ADARs, which are only present
in metazoans, also contain an IP6-coordinating motif, and have
acquired an dsRBD which is absent in ADAT1 [26,39].
With regards to the evolution of tRNA deaminases acting on
position 34, structural and functional considerations suggest that
bacterial TadA is the ancestral enzyme, which gave rise to eukary-
otic ADAT2, ADAT3 and AID/APOBEC [38]. A phylogenetic analysis
of TadA, ADAT2 and ADAT3 sequences shows three deeply rooted
branches for all three proteins (Fig. 2), and does not resolve the
sequence of duplications that gave rise to ADAT2 and ADAT3 from
TadA.ere performed with mafft software v.7.157 [43]. Phylogenetic tree was constructed
ers at the nodes indicate bootstrapping frequencies calculated from 1000 trees. Tree
le upon request.
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Inosine at the wobble position has an obvious implication on
anticodon:codon recognition because, according to Crick’s wobble
hypothesis, A34 can pair with U while I34 is capable of pairing with
A, U and C [12] (Fig. 3). The crystal structures of the I–C and I–A
wobble base pairings have been resolved [57]. The complexes
consisted of the 30S ribosomal subunit with the anticodon stem
loop of the tRNAArgIGC bound to hexanucleotides containing CGC or
CGA codons. Given that inosine is a guanosine analogue, as expected,
the I–C base pair was shown to have the canonical G–C geometry
with the lack of the N2–O2 hydrogen bond. In contrast to the
Isyn–Aanti geometry observed in double stranded DNA, the
codon–anticodon pair displayed an Ianti–Aanti geometry, as predicted
by Crick [12,48] (Fig. 3).
The fact that inosine can pair with more nucleosides than aden-
osine would suggest that I34 expands the number of codons a tRNA
can recognize. While this may be true, it is now becoming clear
that the rules for anticodon:codon pairing are far more complex
than what was initially proposed. First, a mutated tRNAGly bearing
an unmodiﬁed A34 (tRNAGlyACC) can read all four canonical Gly codons
(GGX) in an in vitro expression system using mRNAs containing only
one type of Gly codon [9]. Second, computational simulation studies
of codon:anticodon interactions within the ribosome of A34-con-
taining tRNAs suggested that A34 would be capable of reading
codons ending in C, A or G, albeit reducing the efﬁciency of ribo-
somal translation [49,50]. Third, I34 tRNAs are capable of reading
A-ended codons as proposed, but decoding with the I:A wobble pair
was shown to be very inefﬁcient [50,13,60,56]. Therefore, the lack of
codon discrimination by A34 and the limited I34:A pairing might
suggest that actually the I34 modiﬁcation restricts the number of
codons an A34-containing tRNA can recognize.
Given that I34 is only present in 4-box tRNAs, 6-box tRNAs, and
tRNAIle, why should it be necessary to restrict codon recognition
for tRNAs encoded with A34? One possibility is that, as exempliﬁed
above, the pairing of A34 with C-, A- or U-ended codons could
affect translation efﬁciency. In this regard, computational simula-
tions suggested that the I34 modiﬁcation would improve A34:C
pairing by reducing adverse effects caused by an interaction
between the A34 located on the P-site and the third residue on
the anticodon of the tRNA located on the A-site [49]. Consistent
with these ﬁndings, a mutant Salmonella typhimurium bearing an
unmodiﬁed tRNAProAGG instead of the wild type tRNAProGGG, was capable
of reading the CCC codon almost like its wild type counterpart but
presented an increased read-through of a TAG stop codon when
located adjacent to the CCC codon [16]. In the case of plants, the
mitochondrial-encoded tRNAArgACG was found modiﬁed with inosine
at position 34 in the moss Physcomitrella patens suggesting that I34
on this tRNA is required for mitochondrial decoding. However, in
higher plants, cytoplasmic tRNAArgACG contains unmodiﬁed A34 and
CGC codons can be read without any detriment to protein translation
[4].
It has been recently proposed that I34 modiﬁcation was a major
factor in shaping the genomes in terms of codon usage and tRNAI :
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Fig. 3. Schematic representation of wobble bgene content [58]. Looking at the tRNA gene content, Novoa and
colleagues noticed that the presence of A34 containing tRNAs
strongly correlated with the appearance of A34 ADATs. For exam-
ple, in Bacteria, where TadA is speciﬁc for tRNAArgACG [73], this tRNA
is almost the only tRNAANN (being N any nucleotide) found in these
organisms [72,73,15]. By contrast, in Eukarya, where hetADAT has
wider speciﬁcity, the number of tRNAANN has been expanded in
the same direction [15,26]. This change in the preference for differ-
ent tRNA isoacceptors should have also resulted in an alternative
codon usage bias for these organisms. In fact, there are several stud-
ies showing that the codon usage bias and the tRNA gene content are
adapted to each other [37,33,41,61,58]. Further, the correlation
between tRNA gene content and codon usage in eukaryotes can be
improved when the pairing possibilities of I34 in tRNAANN are taken
into account [58].
Regardless of whether I34 expands or restricts the codon read-
ing capabilities of A34 tRNAs, it is clear that the reading of C-ended
codons should be affected by the presence or absence of the I34
modiﬁcation. Moreover, if we look at the tRNA gene content, A34
containing tRNAs never coexist with G34 containing tRNAs in the
same genome, suggesting that the C-ended codons are read by
I34 tRNAs [32]. It is known that codon usage bias does not affect
equally all genes and that the most expressed genes tend to have
a more biased codon usage; leading, sometimes, to an over 1000-
fold increase in translation efﬁciency [28,27,29,33]. We can there-
fore speculate that there could be subsets of genes that would be
highly dependent on I34 tRNAs for their translation. Such genes
would be preferentially encoded with C-ended codons for each
amino acid that is carried by an I34 tRNA (hereinafter named
‘‘ADAT-preferred codons’’).
Based on this supposition, we have analyzed several complete
genomes in order to identify those mRNAs with the highest con-
centration of ADAT-preferred codons. To test whether the proteins
encoded by these mRNAs (ADAT enriched proteins), can be associ-
ated to speciﬁc biological functions, we took the 300 most ADAT
enriched proteins of each genome and performed gene ontology
analyses (GOs) using the on-line tool DAVID [35,36]. When looking
at GO categories for biological functions we found that the number
of signiﬁcant GOs obtained for each species increases with the
complexity of the organism (Fig. 4 left panel). Importantly, this
was not true when we performed the same analysis using the
300 mRNAs with the lowest ADAT-preferred codon content (ADAT
depleted proteins) (Fig. 4 right panel). Thus, ADAT-sensitive
mRNAs seem more prone to be associated to speciﬁc biological
functions as the organism complexity increases. Moreover, since
we kept constant the number of analyzed genes for each species,
this increase in signiﬁcant GOs indicates a tendency to adapt the
codon usage of mRNAs acting in similar biological processes.
Finally, these analyses also revealed that the vast majority of the
GOs found for ADAT enriched proteins are speciﬁc for each
organism (data not shown).
Several studies have shown that genes involved in similar
pathways tend to have similar codon usage [51,21]. Given that
anticodon modiﬁcations can affect codon recognition by tRNAs,I : U
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Fig. 4. Number of signiﬁcant GOs obtained from ADAT-codon enriched proteins and ADAT-codon depleted proteins. Left panel: number of signiﬁcant GOs obtained for the
300 most ADAT-codon enriched proteins in each analyzed genome. Right panel: number of signiﬁcant GOs obtained from the 300 most ADAT-codon depleted proteins in each
analyzed genome. The proportion of ADAT C-ended codons was calculated and the 300 most enriched and more depleted proteins from each organism were selected for
further GO analysis with DAVID software [36,35]. The number of signiﬁcant GOs (Y-axis) is the number of different biological functions with a p-value < 0.01, retrieved by
DAVID software.
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speciﬁc genetic programs. Indeed, in S. cerevisiae the tRNA modiﬁ-
cation proﬁle changes under certain stress conditions, suggesting
an active control of the tRNA modiﬁcations in response to different
cell needs [14]. Likewise, certain yeast mRNAs enriched in speciﬁc
arginine and glutamic acid codons show differential expression
under DNA damage conditions due to regulation of tRNA methyl-
transferase 9 (Trm9) activity, linking this wobble uridine modiﬁca-
tion enzyme to particular cell responses [7].
It is therefore tempting to speculate, based on our GO analyses,
that the translation rate of certain genes may be modulated by
changes in hetADAT activity [59]. Given that both ADAT2/Tad2
and ADAT3/Tad3 were shown to be lethal in yeast [25], such mod-
ulation of hetADAT activity would have to be ﬁnely controlled.
To understand the contribution of I34 to codon recognition and
gene translation it will be necessary to consider the context effect
brought in by other modiﬁcations at the anticodon stem loop.
These modiﬁcations, like the ones affecting position 37 of the tRNA,
can alter the anticodon structure and have an impact on antico-
don:codon interactions [2]. Further, it has been shown that the
2-thiocytidine modiﬁcation at position 32 and the 2-methyladeno-
sine modiﬁcation at position 37 can modulate the binding of an
inosine-containing anticodon stem loop corresponding to the E. coli
tRNAArgICG, to non-cognate synonymous codons [10]. This result is
particularly interesting because it might suggest that other modiﬁca-
tions in the anticodon domain could serve as a mechanism to regu-
late codon recognition by I34-containing tRNAs [10]. Given that
many organisms have adopted different decoding strategies based
on alternative combinations of tRNA modiﬁcations within the same
tRNA molecule [62], the relative contribution of I34 to decoding
might be species speciﬁc.
The biological consequences of inosine synthesis deﬁciency on
tRNAs has been poorly explored. Yeast knockouts for Tad2 or
Tad3 are lethal [25]; however, in Schizosaccharomyces pombe,
reduction of I34 levels due to a mutation in the Tad3 gene resulted
in viable cells having strong growth phenotypes due to defects in
the G1/S and G2/M cell cycle transitions [71]. In the case of Tad1,
it has been reported that the m1I37 modiﬁcation was not essentialin yeast, as Tad1 knockout strains were viable [24]. Moreover, Tad1
mutant yeast strains did not show any particular slow growth phe-
notypes despite completely lacking I37 and m1I37 modiﬁcations
[24]. However, the possibility remains that m1I37 modiﬁcation
might be playing a role in yeast during stress response. It has been
proposed that the accumulation of IP6, commonly found in yeast
growing under stress, might contribute to a speciﬁc upregulation
of Tad1 activity resulting in enhanced ﬁdelity of protein synthesis
[54].
In support of this idea it has been reported that, in A. thaliana,
Tad1 knockouts lacking m1I37 modiﬁcation produced less biomass
when grown under environmental stress. Respiration activity in
the dark was also reduced in Tad1 knockouts upon cold stress, sug-
gesting that not only cytosolic translation but also mitochondrial
translation might be affected in these mutant plants. Importantly,
lack of m1I37 did not affect the overall cytosolic tRNAAla pool, the
import of cytosolic tRNAAla into mitochondria, or the levels of
tRNAAla aminoacylation [75]. Also in A. thaliana, lack of I34 on chlo-
roplastic tRNAArg lead to reduced yields of proteins encoded in
chloroplasts due to defects on chloroplastic translation efﬁciency.
These plants, having the TADA gene disrupted, were viable but
showed impaired photosynthetic functions [17]. Likewise, plants
expressing an RNAi against TADA showed a mild growth pheno-
type probably due to defects in chloroplastic translation [42].
The phenotypic consequences of the lack of inosine modiﬁca-
tions on tRNAs in metazoans have been almost completely
unexplored. During D. melanogaster development, the ADAT1 tran-
script was found to localize mainly to the central nervous system
(brain and ventral nerve cord) [44], suggesting a possible role for
ADAT1 and m1I37 modiﬁcation during brain development. In
humans, it has been reported that A-to-I modiﬁcations, both at
position 34 and 37 of tRNAAla, are important for recognition of
autoantibodies generated against the anticodon stem loop of
tRNAAla in patients suffering frommyositis, a chronic inﬂammatory
muscle disorder [6]. Recently, a point missense mutation in the
ADAT3 gene has been associated to intellectual disability and stra-
bismus in 8 different consanguineous families [3]. This last result
represents the ﬁrst link between I34 modiﬁcation disregulation
A.G. Torres et al. / FEBS Letters 588 (2014) 4279–4286 4285and a human disease, a connection that joins a growing list of tRNA
modiﬁcations associated with human pathologies [70].
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